Glioblastoma (GBM) is still one of the most lethal forms of brain tumor despite of the improvements in treatments. TRAIL (TNF-related apoptosis-inducing ligand) is a promising anticancer agent that can be potentially used as an alternative or complementary therapy because of its specific antitumor activity. To define the novel pathways that regulate susceptibility to TRAIL in GBM cells, we performed a genomewide expression profiling of microRNAs in GBM cell lines with the distinct sensitivity to TRAIL-induced apoptosis. We found that the expression pattern of miR-7 is closely correlated with sensitivity of GBM cells to TRAIL. Furthermore, our gain and loss of function experiments showed that miR-7 is a potential sensitizer for TRAIL-induced apoptosis in GBM cells. In the mechanistic study, we identified XIAP is a direct downstream gene of miR-7. Additionally, this regulatory axis could also exert in other types of tumor cells like hepatocellular carcinoma cells. More importantly, in the xenograft model, enforced expression of miR-7 in TRAIL-overexpressed mesenchymal stem cells increased apoptosis and suppressed tumor growth in an exosome dependent manner. In conclusion, we identify that miR-7 is a critical sensitizer for TRAIL-induced apoptosis, thus making it as a promising therapeutic candidate for TRAIL resistance in GBM cells.
INTRODUCTION
Glioblastoma multiforme (GBM) is the most aggressive form of brain tumors, with a median survival time no more than 16 months. Despite considerable advances in GBM therapy, it remains one of the most challenging diseases. Intrinsic resistance to apoptosis is one of the most critical obstacles for the clinical treatment (1) . Recently, an increasing number of studies have demonstrated that directly targeting primary tumor masses or even metastatic lesions by genetically modified mesenchymal stem cells (MSCs) with therapeutic agents could be a promising therapeutic approach (2) .
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the TNF superfamily (TNFSF). TRAIL gained much attention during the past decade due to its therapeutic potential as a tumor-specific apoptosis inducer without affecting normal cells (3) (4) (5) . A growing number of evidences demonstrated that TRAIL itself as well as agonists of the two human receptors of TRAIL which can transfer the extracellular death signal, TRAIL-R1 (DR4) and TRAIL-R2 (DR5) is a novel biotherapeutics for cancer therapy (6, 7) . However, the clinical application of recombinant TRAIL, have been hampered by its short half-life and unstable property in vivo. To overcome its limited efficacy, genetically modified MSCs with high levels of TRAIL expression have been used to specifically delivery TRAIL to tumor tissues. It has partially counteracted the shortcoming of TRAIL treatment (8) .
MicroRNAs (miRNAs) are evolutionarily wellconserved, small non-coding transcripts. It plays an important role in the post-transcriptional regulation of target mRNA via mRNA degradation or translational repression through binding with 3 -untranslated regions (UTRs) of target genes. Accumulating evidences demonstrated that miRNAs play a critical role in the regulation of malignant behaviors of cancer cells (9) . A systematic study has reported that a series of miRNAs is involved in regulation of TRAIL-induced cell death in the lung cancer cells (10) . And the further mechanistic study showed that the growth factor induced upregulation of miR-221 and miR-222 inhibits TRAIL-induced apoptosis by targeting PTEN (11) . And more strikingly, recent studies reported that cell-secreted miRNAs are predominantly carried by exosomes and exert in post-transcriptional regulation of gene expression in recipient cells through mRNA silencing (12) (13) (14) .
In the present study, we screened and identified that miR-7 is a bona fide sensitizer for TRAIL-induced apoptosis in GBM and also other types of cancer cells. The mechanistic study showed that miR-7-XIAP axis plays a critical role for TRAIL sensitivity in cancers. We sought to evaluate the combined effect of exosome-transferred miR-7 and MSCs-mediated soluble TRAIL (sTRAIL) delivery on tumor growth in vitro and in vivo. We confirmed here that combining miR-7 overexpression with sTRAIL leads to synergistic tumor suppression effect in vitro and in vivo. Our study provides evidence for the co-delivery of sTRAIL and tumor suppressor miRNAs by MSCs to tumor tissues via exosomes and may highlight a novel therapeutic strategy for GBM.
MATERIALS AND METHODS

Cell culture
Human embryonic kidney cell lines (HEK-293A and HEK-293T), human hepatocellular carcinoma (HCC) cell lines (Hep G2 and SMMC-7721) and human GBM cell lines (U-87 MG, U251, A-172, T98G) were obtained from the Shanghai Institutes for Biological Sciences (Chinese Academy of Sciences, Shanghai, China). Adherent cultures of HEK-293A, HEK-293T, Hep G2, U-87 MG, U251, A-172 and T98G cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM)(Life Technology, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS)(Life Technology, Grand Island, NY, USA). The SMMC-7721 cell line was maintained in RPMI-1640 medium (Life Technology, Grand Island, NY, USA) supplemented with 10% FBS. Isolation and expansion of the Mouse Bone Marrow Mesenchymal Stem Cell (BMMSCs) was done based on a published method (15) . Then MSCs were maintained in OriCellTM Balb/c Mouse Bone Marrow Mesenchymal Stem Cell Complete Medium (Cyagen, Silicon Valley, CA, USA). All the cells were incubated in a humidified atmosphere of 5% CO 2 in air at 37
• C. For the mixed co-culture experiments, tumor cells were mixed with an equal number of MSCs in a 6-well plate and MSCs were processed with different ways 12 h before the cocultivation. Co-culture was maintained for 2 days before flowcytometry-based separation.
Transfection and lentiviral transduction
Cells were seeded in 6-well plates (2 × 10 5 cells/well), or 60-mm dishes (5 × 10 5 cells/dish) or 100-mm dishes (2 × 10 6 cells/dish), a day before transfection. The transfection was performed when they were at 60-80% confluence. Cells were transfected with miR-7/NC mimics (GenePharma, Shanghai, China), miR-7/NC inhibitor (GenePharma, Shanghai, China), XIAP-siRNA (GenePharma, Shanghai, China) or plasmids, which were listed in Supplementary Table S1 . All transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. To minimize toxicity, the transfection complex was replaced with fresh medium 6 h later. Analyses on recipient cells or further research were performed 48 h after transfection. Packaging of lentivirus was performed using a transient co-transfection system of HEK-293T cells in 60-mm dishes with 1 g pMD2G, 3 g psPAX2 and 4 g pLenti6.3-mcherry/Luciferase/TRAIL/miR-7 and the polymerase chain reaction (PCR) cloning primers for these genes were listed in Supplementary Table S2 . Twenty-four hours post-transfection, supernatants were harvested and medium were changed with fresh medium for the second harvest 24 h later. Both the two supernatants were mixed and used to infect target cells. For lentiviral transduction of MSCs, MSCs were plated at a density of 5 × 10 4 cells per well in 24-well plates and cultured overnight prior to transduction. The medium was replaced with the infection complex medium which is composed of 500 l lentiviral supernatant (LV-mcherry or LV-Luciferase or LV-TRAIL or LV-miR-7), 500 l fresh medium and 8 g polybrene (Sigma, St Louis, MO, USA) to assist the uptake of viral particles. Then the plates were centrifuged with 2100 rpm at 37
• C for 1 h followed by replacement of fresh medium. After infection, cells were screened by culturing in the presence of 7 g/ml blasticidin for 7 days and DsRed fluorescence (mcherry) was observed under a fluorescence microscope (IX71, Olympus, Tokyo, Japan).
RNA isolation and qRT-PCR
Total RNA from cells, tissues and exosomes were isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. RNA content was measured using a Nanodrop-2000 (Thermo Fisher Scientific, Waltham, MA, USA). One microgram of RNA was employed to synthesize cDNA using the PrimeScript RT Reagent Kit Perfect Real Time (TaKaRa, Dalian, China) or the miScript II RT Kit (Qiagen, Hilden, Germany). To determine the amount of the individual miRNA and mRNA levels, we employed the fluorescent quantitative real time PCR (qRT-PCR) using the Fast SYBR Green Chemistry (TaKaRa, Dalian, China) on Bio-Rad C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA). All the primers listed in Supplementary Table S3 were obtained from AuGCT Co. (Beijing, China). The reactions were performed in a 20 l volume in triplicate with the following amplification steps: an initial denaturation step at 95
• C for 3 min, followed by 44 cycles of denaturation at 95
• C for 10 s, anneal at 56
• C for 15 s and extension at 72
• C for 15 s. Finally, the relative quantities of miRNA and mRNA were calculated using 2 − CT method after normalization to RNU6B or GAPDH or miR-16.
MicroRNA microarray, target gene prediction and luciferase reporter assay
Total RNA was extracted from four cancer cell lines. The microRNAs expression pattern was analyzed using Cancer Focus microRNA PCR Panel, 96 well (Exiqon, Vedbaek, Denmark). Target genes of microRNA were determined from the union of miRNA target predictions from TargetScan 6.2 (http://www.targetscan.org) and PicTar (http:// pictar.mdc-berlin.de/cgi-bin/PicTar vertebrate.cgi). The luciferase reporter assay about the regulatory relationship between miR-7 and XIAP was performed using the same method ever before (16) .
Western blot and ELISA
Total cell lysates were analyzed by western blotting as previously described (17) . The antibodies used were listed in Supplementary Table S4 . An enzyme-linked immunosorbent assay (ELISA) was used to detect TRAIL secretion ability using a commercial TRAIL ELISA kit (R&D systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Flow cytometry analysis
Flow cytometry was used to perform tumor cell isolation from co-culture. Cells were trypsinized and collected after 48 h cocultivation. After centrifugation and resuspension of cell pellet to a single-cell suspension, cells were washed twice in phosphate-buffered saline (PBS) and re-suspended in PBS, stained with phycoerythrin (PE)-conjugated anti-CD44 mouse antibody (BioLegend, San Diego, CA, USA) or PE-conjugated mouse IgG1, Isotype ctrl (BioLegend, San Diego, CA, USA) for 30 min at 4
• C. After twice washes of PBS, cells were analyzed on a flow cytometer (BD FACSAriaTM Cell Sorter, BD Biosciences, San Jose, CA, USA). The CD44 negative tumor cells were isolated and used to make further research, such as qRT-PCR, western blot and apoptosis studies.
Cells were analyzed for their surface markers or molecular receptors using flow cytometry. MSCs were stained with PE-conjugated anti-CD44 mouse antibody (BioLegend, San Diego, CA, USA), FITC-conjugated anti-CD90 mouse antibody (BioLegend), Percp-conjugated anti-CD45 mouse antibody (BioLegend), FITC-conjugated anti-Sca-1 mouse antibody (BioLegend). GBM cells were stained with PE-conjugated anti-DR4 mouse antibody (BioLegend) and PE-conjugated anti-DR5 mouse antibody (BioLegend) or PE-conjugated mouse IgG1, Isotype ctrl (BioLegend) and analyzed on a flow cytometer (Epics XL.MCL, BECK-MAN COULTER, Brea, CA, USA).
Apoptosis studies
Cells were collected and suspended in PBS after 48 h TRAIL (300 ng/ml) (Peprotech, Rocky Hill, NJ, USA) treatment. The CD44 negative tumor cells were isolated after 48 h cocultivation and suspended in PBS. The obtained cells were stained with Annexin-V-FLUOS Staining kit (Roche, Mannheim, Germany) and analyzed on a flow cytometer (Epics XL.MCL, BECKMAN COULTER, Brea, CA, USA). Cell apoptosis in xenograft tumor samples was detected by TUNEL staining using an In Situ Cell Death Detection Kit, Fluorescein (Roche, Mannheim, Germany) according to the manufacturer's protocol. The nuclei were then counterstained with 1.5 g/ml 4, 6-diamidino-2-phenylindole dihydrochloride(DAPI) (Sigma-Aldrich, St Louis, USA) at room temperature for 3 min. After being washed in PBS, samples were subjected to laser scanning confocal microscopy analysis (A1, Nikon, Tokyo, Japan).
Live cell imaging system
U-87 MG cells were transfected with pCDNA3.1-GFP, and MSCs were transfected with miR-7-Cy3 (GenePharma, Shanghai, China). They were collected and mixed as a ratio of 1:1 12 h after transfection, then seeded in 96-well plate (100 cells/well). They co-cultured for 24 h, and were submitted to Live cell imaging system (A1, Nikon, Tokyo, Japan). The fluoresence location of cells was monitored for 48 h, and the images were captured once every 15 min during this time. Finally, the images were used to form a video, which could verify the communication type of cells according to the changes of fluoresence location.
In vitro cell differentiation
MSCs were plated in 6-well plate (1 × 10 5 cells/well), and supplemented with appropriate differentiation medium for the induction of MSCs differentiation into different phenotypes. MSCs were cultured using OriCell TM Balb/c Mouse Bone Marrow Mesenchymal Stem Cell Osteogenic Differentiation Medium Kit (Cyagen, Silicon Valley, CA, USA) and Adipogenic Differentiation Medium Kit (Cyagen, Silicon Valley, CA, USA) for 4 weeks, and staining was performed to confirm osteogenic and adipogenic differentiation ability according to the manufacturer's instructions provided by the kit. Then the images were captured using a microscope (CK40, Olympus, Tokyo, Japan).
In vitro migration assay
The ability of MSCs to migrate to cancer cell lines was measured in 24-well plates using Corning transwell chambers with 8 m filter membranes (Corning, Acton, MA, USA). HEK-293A cell line was used as a negative control. U-87 MG, U251 and HEK-293A cells were incubated in serumfree medium for 48 h, and the resulting conditioned media (CM) was used as a chemoattractant. Either MSCs or MSCs-Luc/TRAIL (2 × 10 4 cells) were resuspended in 300 l of serum-free ␣-minimum essential medium containing 0.1% bovine serum albumin and loaded in the upper compartment. The lower compartment was filled with 600 l of the CM. After incubation at 37
• C in 5% CO 2 for 6 h, the non-migrated cells were removed from the upper surface of the membrane using cotton swabs. Cells that had migrated to the lower surface were fixed with 4% paraformaldehyde and stained with crystal violet. The number of cells that had migrated to the lower side of the filter was counted under a microscope (CK40, Olympus, Tokyo, Japan) with five random fields (magnification, × 4).
Xenograft tumor model
Male athymic Balb/c nude mice (4-6 weeks, 20-25 g) were purchased from the Experimental Animal Center, Chinese Academy of Science (Shanghai, China). All animal experiments were approved by the Animal Experiment Administration Commission of Fourth Military Medical University (FMMU). Approximately 1 × 10 7 U-87 MG cells in 200 l PBS were injected subcutaneously into the left flank of each mouse. Tumor volume was monitored using a calliper once every three days. Once the tumors reached 100 mm 3 as calculated by ( × length × width 2 )/6, they were divided into six groups randomly, six mice per group. MSCs stable cell lines were transiently transfected with miR-NC or miR-7. Then modified MSCs were injected into the Balb/c nude mice via tail vein once every three days (5 × 10 5 cells/mouse), meanwhile the tumor volume was measured. Mice were killed by spinal dislocation when they were treated seven times. Then tumors were removed and weighed, after that, tumors and organs (such as the heart, liver, spleen, lungs, kidneys and brain) were snap-frozen in liquid nitrogen for further research or fixed in formalin for immunohistochemical (IHC) analysis, morphological analysis and apoptosis analysis.
In vivo homing assay
MSCs homing to the tumor sites in vivo were determined by IHC. Subcutaneous xenograft tumor models were generated by inoculation of 1 × 10 7 U-87 MG cells into Balb/c nude mice as described above. When tumors reached 100 mm 3 as calculated by ( × length × width 2 )/6, 5 × 10 5 miR-7 loaded TRAIL-MSCs were injected via tail vein and the primary tumor was harvested after 16 h injection. The TRAIL expression level was determined by IHC assay using the anti-TRAIL antibody (Cell Signaling Technology, Danvers, MA, USA).
Exosome isolation and inhibition of exosome secretion
Cells were cultured for 48 h and exosomes were collected from their culture media after sequential ultracentrifugation as described previously (18) . Briefly, cell culture media were collected, centrifuged at 300 g for 5 min, 1500 g for 10 min and then further centrifuged 12 000 g for 35 min. Then supernatants were filtered through a 0.22 m filter (Merck Millipore, Tullagreen, Ireland), followed by ultracentrifugation at 120 000 g for 2 h to pellet the exosomes. The exosome pellets were washed once with 20 ml cold PBS and further purified by centrifugation at 120 000 g for 2 h. The temperature was at 4
• C in the whole centrifugation process. The final pellet containing exosomes was resuspended in 50-100 l PBS and stored at −80
• C until be used for (i) adding into the cell culture media; (ii) transmission electron microscopy; and (iii) qRT-PCR. Exosome release was blocked by specific inhibitors GW4869 (Sigma, St Louis, MO, USA) and DMA (Santa Cruz, Paso Robles, CA, USA). To validate that miRNAs and mRNAs were transferred via exosome, cells were treated with GW4869/DMA/DMSO, DMSO was used as negative control. MSCs were transfected with miRNA mimics in 6-well plates. For exosome isolation, the cells were cultured for 48 h, the culture medium was collected and used for exosome preparation. The exosomes were added to U-87 MG mono-culture for 48 h. For cocultivation, the cells were reseeded and co-cultured with tumor cells in 6-well plates for 48 h with 10 M GW4869 or 15 nM DMA, or DMSO. Then the cells were used for (i) fluorescence microscopy; (ii) isolation of tumor cells; and (iii) qRT-PCR.
Transmission electron microscopy
For electron microscopy analysis, exosomes were prepared in PBS. The samples were adsorbed to carbon-coated nickel grids and negatively stained for 5 min with 2% methylamine tungstate. Then stain was blotted dry from the grids with filter paper and washed twice on drops of distilled water. Afterward the water was blotted dry and samples were allowed to dry. Samples were then examined in a JEM-1230 electron microscope (Nihon Denshi, Tokyo, Japan) at an accelerating voltage of 80 kV.
Hematoxylin and Eosin (HE) Staining
The toxicity of modified MSCs was tested in male Balb/c mice (6-weeks-old). HE staining of major organs was carried out for histological observation as previously described (19) . Images were taken by light microscope (BX51, Olympus, Tokyo, Japan).
Immunohistochemistry
Standard IHC staining was performed as previously described (20) . In brief, after de-paraffinization and rehydration, sections were subjected to heat-induced antigen unmasking. Slides were then incubated with various primary antibodies at 4
• C overnight, after blocking with 5% goat serum. Slides underwent color development with DAB (BD Pharmingen, New York, NJ, USA) and haematoxylin (Vector Laboratories, Burlingame, CA, USA) counterstaining. Images were captured with a microscope (BX51, Olympus, Tokyo, Japan) and processed with identical settings. Ten visual fields from different areas of each tumor were evaluated.
Patient samples
Twenty GBM tissues were obtained from the department of Neurosurgery in Xijing Hospital, which is a subsidiary hospital of the Fourth Military Medical University (FMMU). Collection of tumor samples was approved by the Moral and Ethical Committee of FMMU. The 20 frozen tumor samples (∼0.2 mg each) were used for RNA isolation, and then were used to analyze the correlation between miR-7 and XIAP expression level using qRT-PCR assay.
Statistical analyses
Statistical analyses were performed using GraphPad Prism version 5.00 (GraphPad Inc., La Jolla, CA, USA). Data are expressed as the means ± SD from at least three separate experiments. Experiments with two experimental groups were evaluated using Two-tailed Student's t-test. In experiments with more than two experimental groups, one-way ANOVA with Tukey's post-test was used. The significance of associations between gene expression values was judged via a test statistic based on Pearson product-moment correlation coefficient. The results were considered statistically significant when *P < 0.05; **P < 0.01; ***P < 0.001.
RESULTS
Global analysis of microRNAs positively associated with TRAIL sensitivity in GBM cells
We analyzed TRAIL sensitivity of different human GBM cell lines: U-87 MG(U87), U251, A-172(A172) and T98G. Cells were exposed to TRAIL and cell death was assessed using fluorescence-activated cell sorting (FACS) with Annexin-V and propidium iodide(PI) staining. As shown in Figure 1A , T98G cells underwent TRAIL-induced cell death whereas U87 and U251 cells did not display sensitivity when exposed to TRAIL, A172 cells showed an intermediate sensitivity. A possible mechanism of the differential sensitivity of the tested cells to TRAIL induced apoptosis could be due to the variability of the cell surface levels of the death receptors. However, the result of the expression levels of TRAIL receptor DR4 and DR5 revealed comparable expression levels of them in TRAIL-sensitive compared to TRAIL-resistant cells (Supplementary Figure S1) . Therefore, it can rule out the possibility of the different expression levels of DRs as a major reason for different sensitivity for TRAIL-induced apoptosis in GBM cells.
To investigate the involvement of miRs for TRAIL sensitivity in GBM cells, we analyzed the miRs expression profile in TRAIL-sensitive cell line (T98G) and semi-resistant cell line (A172) and TRAIL-resistant cell lines (U87 and U251). The analysis was performed with a cancer focus miRNA PCR panel. As shown in Figure 1B , the expression patterns of a serial of miRNAs (such as miR-7, let-7f/g, miR-15b, miR-101) were positively associated with the sensitivity of GBM cells to TRAIL-induced apoptosis. Among them, the miR-7 expression level had the most closely linear relationship with the sensitivity of TRAIL-induced cell death (Figure 1C) .
miR-7 is a natural sensitizer for TRAIL-induced apoptosis in glioblastoma cells
To determine the functional association between miR-7 and TRAIL sensitivity in GBM cell lines, we transiently transfected U87 and U251 cells with miR-7 mimics and negative control. Increased expression of miR-7 upon transfection was confirmed by quantitative real time PCR (qRT-PCR) (Figure 2A ). Twenty-four hours after transfection, cells were exposed to TRAIL for 48 h and then assessed by Annexin-V staining. Apoptosis assays demonstrated that enforced miR-7 expression raised the proportion of apoptotic cells evidently with regard to their respective controls ( Figure 2B ). The pro-apoptotic effect of miR-7 combined with TRAIL incubation was further confirmed by Western blot analysis for cleaved caspase-3 ( Figure 2C ). Conversely, knockdown of miR-7 by anti-miR oligonucleotides ( Figure  2D ) in A172 and T98G cells induced a decreased apoptotic rate ( Figure 2E ). The data indicate that miR-7 facilitates sensitivity to TRAIL-induced apoptosis in GBM cells.
Furthermore, we wondered to know that if pro-apoptotic effect of miR-7 combined with TRAIL is a cancer type specific molecular event or a general characteristic. MiR-7 mimics were transiently transfected into two HCC cell lines (Hep G2 and SMMC-7721) (Figure 2A) . Similar results were obtained in these two cell lines ( Figure 2B and C), suggesting that miR-7 is definitely involved in regulating sensitivity to TRAIL-induced cell death in multiple types of tumor cells.
XIAP is a direct target of miR-7 in multiple types of tumor cells
To identify miR-7-mediated downstream regulators for TRAIL sensitivity in GBM cells, two target prediction algorithms (PicTar (21) and Targetscan (22)) were applied ( Figure 3A) . The 1188 picks from the algorithms were further analyzed according to the PANTHER classification system (23), in which 26 genes were clustered in the apoptotic process ( Figure 3B ). Using qRT-PCR, we found that the mRNA levels of three genes including XIAP, BCL2L1 and SMOX were downregulated significantly ( Figure 3C ). Among them, SMOX is a spermine oxidase. Although it was reported as a pro-apoptotic molecule, its function is closely associated with oxidative stress-induced DNA damage and apoptosis (24) . Oxidase stress is not a major causation in TRAIL-induced apoptosis. According to this evidence, we did not further investigate the contribution of SMOX for miR-7 in TRAIL-induced apoptosis. I also ruled out BCL2L1 as a candidate is because that TRAIL induces the extrinsic apoptosis pathway, while BCL2L1 is involved in the intrinsic apoptosis pathway (25) . Then we considered XIAP ( Figure 3C ), a known regulator of anti-apoptosis, as an excellent candidate (26, 27) . And it occurs coincidently that XIAP was reported to be involved in miR-7 induced inhibitory proliferation of cervical cancer cells (28) . Overexpression of miR-7 in TRAIL-resistant GBM cells resulted in a significant decrease of XIAP in both mRNA (Figure 3D ) and protein ( Figure 3E ) levels. Whereas, knockdown of the endogenous miR-7 by the antagonist increased XIAP protein levels in TRAIL-sensitive GBM cells (Figure 3F) . Strikingly, the XIAP inhibition by miR-7 was also observed in other types of cancer cell lines ( Figure 3D and E). Analysis using 3 untranslated region (UTR) luciferase reporter plasmids containing the miR-7 target sequences (wild-type or mutant) on XIAP was performed to determine whether XIAP is a direct target of miR-7. Expression of miR-7 caused a significant decrease in luciferase activity in the wild-type XIAP 3 UTR, but not in the mutant form ( Figure 3G ). Taken together, these results indicate that XIAP is a bona fide target of miR-7 in multiple types of tumor cells. 
The miR-7-XIAP axis is crucial for TRAIL sensitivity in cancer cells
To determine the contribution of the miR-7-XIAP axis for TRAIL induced apoptosis in cancer cells, we silenced the endogenous expression of XIAP in multiple GBM and HCC cells as shown in Figure 4A and Supplementary Figure S2A . The result of Annexin-V staining showed that knockdown of XIAP significantly increases apoptotic ration of cancer cells treated with TRAIL ( Figure 4B ), but does not increase apoptosis without TRAIL treatment (Supplementary Figure S2B) . Conversely, when we reintroduced exogenous XIAP without 3 UTR into miR-7 expressing tumor cells, the expression levels of XIAP and miR-7 were confirmed as shown in Figure 4C and Supplementary Figure S2C and D. Overexpression of XIAP attenuates miR-7-mediated TRAIL sensitivity in GBM cells ( Figure 4D ). As expected, similar phenotypes were also observed in HCC cells ( Figure 4D ). Rescue experiment demonstrates the causative link between the miR-7-XIAP axis and TRAIL sensitivity in cancer cells.
Then we asked that if the miR-7-XIAP axis does exist in tumor cell lines and clinical tumor tissues. We performed qRT-PCR assay to measure the endogenous expression levels of miR-7 and XIAP in cancer cell lines. First, we observed a dramatically inverse correlation between miR-7 and XIAP in GBM cell lines ( Figure 4E ). Then we found the similar relationship in HCC cells (Hep G2, SMMC-7721, HuH-7 and MHCC-97H) and prostate cancer cells (PC-3, PC-3M, DU 145, 22Rv1 and LNCaP) ( Figure 4F ). To further confirm whether this correlation also exists in human tumor tissues, we analyzed 20 tumor samples from GBM patients using qRT-PCR, and found that the expression of XIAP was reversely associated with the expression of miR-7 ( Figure 4G ). The data indicate that XIAP is crucial for mir-7-mediated TRAIL sensitivity in cancer cell lines and the inverse relationship between miR-7 and XIAP exists in multiple types of tumor cell lines and clinical patient samples. 
miR-7-enriched exosomes are efficiently released from TRAIL expressing MSCs and enhance TRAIL sensitivity invitro
Utilization of MSCs as cellular vehicles has been demonstrated to be a promising approach to deliver TRAIL to cancer tissues (8) . However, TRAIL-expressing MSCs (TRAIL-MSCs) do not tackle the intrinsic resistance of cancer cells toward TRAIL. We hypothesized that exogenous miR-7 may be transferred from TRAIL-MSCs to cancer cells in an exosome-dependent manner. In this process, the miR-7-XIAP axis could counteract TRAIL resistance of cancer cells in TRAIL-MSCs recruited local tissues.
We used lentiviral expression system to overexpress sTRAIL in MSCs. And Firefly Luciferase or mCherry expressing MSCs (Luc-MSCs, mCherry-MSCs) were also prepared as control groups. As shown in Figure 5A , our viral delivery system efficiently expressed sTRAIL or other control proteins (mCherry) in MSCs. Western blot analysis showed high levels of sTRAIL expression in TRAIL-MSCs cells. And ELISA assay further confirmed the secretory form of sTRAIL in supernatants of genetically modified MSCs ( Figure 5B ). Meanwhile, we transiently transfected miR-7 mimics into genetically modified MSCs. Apoptotic assay showed that overexpression of miR-7 did not induce obvious cell death in MSCs (Supplementary Figure S3A) . Also, cell differentiation ability was not affected by TRAIL and/or miR-7 overexpression (Supplementary Figure S3B) . We used qRT-PCR to measure expression levels of miR-7 in MSCs and MSCs-derived exosomes. The result showed that compared with it in miR-NC group cells, significantly higher levels of miR-7 can be tested in miR-7-transfected MSC cells and cell-derived exosomes ( Figure 5C ). These results indicate that miR-7-enriched exosomes are efficiently released from TRAIL expressing MSCs.
To confirm that miR-7 could be transferred to cancer cells via exosomes from MSCs, we transfected MSC cells with Cy3-labeled miR-7 mimics and exosomes were isolated ( Figure 5D ). As shown in Figure 5E , after incubation with exosomes, the Cy3 fluorescence signal was observed in most U87 cells. Furthermore, in a co-culture assay, MSCs with transfected Cy3-labeled miR-7 mimics were cocultured with U87 cells. The result of confocal fluorescence analysis showed that miRNAs could transfer from donor Figure S4A) , and the data indicate that CD44 marker could be used to distinguish the two cell types (Supplementary Figure S4B) . To determine the role of exosomes in this miRNA-transferring process, we reduced exosome production using GW4869 (an inhibitor of neutral sphingomyelinase-2) (29) and DMA (an inhibitor of the H + /Na + and Na + /Ca 2+ exchangers) (30) . As shown in Figure 5G , the GW4869 and DMA treatment significantly inhibited miR-7 expression levels in U87 cells in the co-culture assay, indicating a critical role of exosomes for the transfer of miR-7 from MSCs to GBM cells. The data demonstrate that the transfer of exogenous miR-7 from MSCs to cancer cells is dependent on exosomes.
To identify whether the exosome-transferred miR-7 can efficiently inhibit endogenous XIAP in cancer cells, we used qRT-PCR to test mRNA levels of XIAP in GBM cells cocultured with miR-7-loaded MSCs. The result showed that exosome-transferred miR-7 effectively inhibits XIAP expression levels in U87 cells and this effect is significantly blocked by GW4869 and DMA ( Figure 5H ). Furthermore, we utilized the functional experiment to determine the cancer killing effect of TRAIL and miR-7-armed MSCs in vitro. As shown in Figure 5I , overexpression of miR-7 in TRAIL-MSCs significantly induces apoptosis in U87 cells compared with it in control groups. Taken together, TRAIL and miR-7 co-expressing MSCs exert a potential pro-apoptotic effect in an exosome-dependent manner.
miR-7-loaded TRAIL-MSCs specifically migrate to cancer cells (tissues) invitro and invivo
Tumor tropism is one of the most important reasons for MSCs as a promising delivery vehicle (31) . To test whether miR-7-loaded TRAIL-MSCs can specifically migrate to cancer cells in vitro, a transwell assay was performed. As shown in Figure 6A , a large number of MSCs migrate to the bottom of Boyden chamber co-cultured with GBM cells compared with an immortalized normal cell line HEK-293A, and the migratory ability of MSCs was not affected by TRAIL and/or miR-7 overexpression. Next, to confirm tumor tropism of MSCs in vivo, we established xenograft model of U87 cells in Balb/c nude mice. Genetically modified MSCs were administrated into tumor-bearing mice through tail vein injection. The primary tumor tissues were harvested after 16 h. As shown in Figure 6B , TRAIL and miR-7 co-expressing MSCs were observed expressed in tumor tissues. Taken together, the data indicate that TRAIL 
Therapeutic potential of combined therapy with TRAIL and miR-7 expressing MSCs invivo
To evaluate therapeutic benefit of combined expression of TRAIL and miR-7 in MSCs in vivo, we used U87 cells to establish tumor xenografts in nude mice. We loaded TRAILMSCs either with miR-7 mimics or miR-NC control. When the tumors were palpable, we intravenously injected 5 × 10 5 modified MSCs into tumor-burdened animals and followed tumor growth over the next 3 weeks. As shown in Figure  7A , although the TRAIL-MSCs treated group exhibits inhibition of tumor growth compared with PBS or only Luc- Tumor tissues were harvested 16 h after tail vein injection using modified MSCs. **P < 0.01, ***P < 0.001; one-way ANOVA, mean ± SD, n = 3.
MSCs treated groups, TRAIL/miR-7 co-expressing MSCs have a much stronger impact on growth retardation compared with TRAIL/miR-NC co-expressing MSCs treated groups. In addition, our records for the final tumor weight clearly illustrate the fact that the combinational expression of TRAIL and miR-7 in MSCs leads to tumor regression compared with other tested groups ( Figure 7B ). Furthermore, analysis of IHC staining showed that compared with other indicated groups, the expression levels of XIAP markedly decreased in tumor tissues treated with miR-7 transfected-MSCs ( Figure 7C ). This result further validates our discovery that miR-7 could transfer to cancer cells from MSCs and consequently reduce the expression level of XIAP in tumor tissues. And quantifying the number of apoptotic cancer cells in relation to tumor sizes showed that TRAIL and miR-7 co-overexpressing MSCs have a significantly higher effect on cell death compared with other groups ( Figure 7D ). Moreover, we also evaluated potential toxic side effects of the modified MSCs treatments by histological analysis of organ tissues (heart, liver, spleen, lung and kidney). All tissues appeared normal and no signs of toxicity or apoptosis could be detected ( Supplementary Figure S5 ).
DISCUSSION
Apoptosis-based cancer therapeutics is developed to achieve tumor eradication through the utilization of death inducing molecules capable of activating the apoptotic program selectively in transformed cells. Defects in the apoptotic program may contribute to treatment resistance and tumor progression and may be caused by deregulated expression of anti-apoptotic molecules. TRAIL has the Apoptotic cancer cells were averaged in six random fields each group. *P < 0.05, ***P < 0.001; one-way ANOVA, mean ± SD, n = 6. ability to specifically kill cancer cells, with slight effects on normal cells, and induces apoptosis by interacting with specific receptors (DR4 and DR5) (8) . Current clinical trials using systemic administration of TRAIL or TRAIL receptor agonists have largely been unsuccessful revealed the importance of TRAIL resistance, even when these targeted drugs are known to penetrate into tumor tissues (5) (6) (7) (32) (33) (34) (35) . This indicates that some inherent defects limit its utilization in the clinical application (36) .
TRAIL displays a short half-life making it difficult to maintain therapeutically efficacious levels in the vicinity of tumor tissues (8) . One strategy to overcome this challenge is to genetically modify TRAIL in MSCs. MSCs have been demonstrated to be a promising vehicle for delivering therapeutic agents to tumor tissues because of its tumor tropism. The effective delivery by MSCs overcomes some of the hurdles of conventional TRAIL-based treatments and achieves better apoptosis-inducing activity because of the highly local concentration of TRAIL around cancer cells. It has been reported that MSCs could penetrate the brain and infiltrate intracranial glioma xenografts in a mouse model (37) (38) (39) (40) . However, it does not tackle the intrinsic resistance of GBM cells to TRAIL.
MiRNAs are emerging as key regulators of multiple pathways involved in cancer development and progression, and may become the next targeted therapy in malignant diseases. The miRNA-based therapeutics has been validated in multiple types of cancer, including GBM (41) . In recent years, a series of miRNAs has been demonstrated to play important roles in negatively regulating TRAIL sensitivity in GBM cells (42, 43) . They impair TRAIL-dependent apoptosis by inhibiting the expression of key functional proteins. For example, miR-21 suppresses TRAIL sensitivity in GBM cells by targeting a p53 family member TAp63. And miR-30 inhibits TRAIL responsiveness through inhibition of caspase-3 activation in GBM cells (43) . And in vivo experiment showed that with the utilization of locked nucleic acid-anti-miR-21 oligonucleotides and neural precursor cells expressing TRAIL, this combinational approach leads to a synergistic effect on regression of tumor growth (42) . However, even nowadays, there is no systematic screening for miRNA-based natural sensitizers for TRAILinduced apoptosis in GBM cells. In the current study, using a global analysis in TRAIL sensitive and resistant GBM cells, we identified that miR-7, a tumor suppressor small non-coding RNA could be a potential sensitizer for TRAIL in GBM cells. Our gain and loss of function experiments validated that overexpression of miR-7 increases TRAIL sensitivity in resistant GBM cells, whereas miR-7 inhibition significantly decreases responsiveness of GBM cells to TRAIL treatment. Moreover, we also provided evidences that this effect is not restricted to GBM, but also present in other types of cancer such as HCC cells. MiR-7 was previously reported to function as a tumor suppressor in GBM by directly targeting oncogenic molecules as EFGR, AKT1, IRS-1 and IRS-2 (44) . Recently, we found that CCNE1 is a novel target of mir-7 controlling the cell cycle in HCC cells (45) . As a brain enriched miRNA, we suppose that miR-7 could be a multifaceted molecular regulating multiple signaling pathways under physiological and pathological conditions. Here, we demonstrated that miR-7 is a natural sensitizer for TRAIL in GBM cells for the first time.
When we wonder to know the detailed molecular mechanism of miR-7 s effect on TRAIL sensitivity in GBM cells, we found that an IAP family member XIAP is a direct target gene of miR-7. XIAP blocks apoptosis downstream of mitochondria by binding to and inhibiting caspase-3 and caspase-9 (26, 27 ). An increasing number of clinical trials of XIAP targeted cancer treatment further confirmed that XIAP is a node molecule regulating cell death sensitivity (46, 47) . Moreover, the results of our gene silencing and rescue experiments support the opinion that miR-7-XIAP axis contributes to TRAIL sensitivity in GBM and other types of cancer cell lines. Previous studies showed that in pancreatic cancer cells, RNAi-mediated inhibition of XIAP significantly enhanced TRAIL-induced apoptosis (48) (49) (50) . However, to pretreat cancer cells with XIAP siRNAs and then induce cell death with TRAIL is not feasible for the clinic (51) . A practical application should be established.
In recent years, a growing number of evidences demonstrated that exosomes could be a naturally delivery tool to transfer miRNAs for cell-cell communication (12) (13) (14) . Zhang et al. showed that the monocyte-derived miR-150 facilitates migration of endothelial cell in an exosomedependent manner (13) . In EBV-infected B cells, that viral miRNAs are secreted from infected B cells and are functional upon transfer via exosomes in primary MoDC. EBV-miRNAs are present in non-infected non-B cells and consequently regulate immunological reactions by targeting its downstream genes (52) , suggesting that functional miRNA transfer by exosomes is a possible mechanism of intercellular communication. All reports support that cells can secrete miRNAs and deliver them into recipient cells where the exogenous miRNAs can regulate target gene expression and recipient cell function. In our study, we speculated that enforced expression of exogenous miR-7 in sTRAIL-overexpressed MSCs may increase apoptosis and suppressed tumor growth in an exosome dependent manner. Finally, our proof-of-principle study showed that therapeutic miR-7 produced in MSCs and loaded into extracellular exosomes could lead to synergistic antitumor efficacy with sTRAIL by inhibiting its target gene XIAP. Although there is a significant decrease in tumor growth with the use of miR-7 and TRAIL-loaded MSCs, there was still tumor growth. To further increase therapeutic response, more potential miRNAs involved in regulation of TRAIL sensitivity should be identified and the MSCs-based treatment process should be optimized. Finally, our results imply that selective miRNA antagonism might allow for sensitizing GBM and other tumors for TRAIL-MSCs-based therapy and could thus be of considerable interest for development of novel GBM therapies.
